Homologous recombination (HR) and nonhomologous end-joining (NHEJ) are mechanistically distinct DNA repair pathways that contribute substantially to double-strand break (DSB) repair in mammalian cells. We have combined mutations in factors from both repair pathways, the HR protein Rad54 and the DNA-end-binding factor Ku80, which has a role in NHEJ. Rad54
Cells have evolved numerous repair pathways to contend with various types of DNA damage. One type of lesion, a DNA double-strand break (DSB), poses a particular threat to genomic integrity, as misrepair of DSBs can lead to gross chromosomal rearrangements and other mutagenic events (van Gent et al. 2001; Mills et al. 2003) . DSBs are initiators of genetically programmed processes, such as V(D)J recombination and meiotic exchange, but they arise more generally in all cells from DNA replication, oxidative metabolism, and other endogenous processes. DSBs are also considered to be the relevant lesion for cell lethality after treatment with ionizing radiation (IR). If left unrepaired or if misrepaired, DSBs can result in permanent cell cycle arrest, cell death, or tumorigenesis (Pierce et al. 2001b) .
Homologous recombination (HR) has long been known to be the predominant pathway for the repair of DSBs in yeast and bacteria (Paques and Haber 1999; Cromie et al. 2001) , and direct examination of DSB repair supports a major role for HR in mammalian cells as well (Rouet et al. 1994; Liang et al. 1998) . HR uses an unbroken, homologous sequence to template repair of the DSB, in a process involving members of the conserved Rad52 epistasis group (Symington 2002; West 2003) , as well as other less-conserved factors, such as the tumor suppressor BRCA2 (Jasin 2002) . Loss of most HR factors leads to early or mid-embryonic lethality in mice (Pierce et al. 2001b; van Gent et al. 2001) , suggesting an essential role for HR in development, presumably to repair spontaneously arising DNA damage. An exception is the Rad54 protein, for which the mouse disruption shows no overt phenotype (Essers et al. 1997 (Essers et al. , 2000 , likely because DSB-promoted HR is only mildly compromised in Rad54 −/− cells (Dronkert et al. 2000) . A second prominent pathway for DSB repair in mammalian cells is nonhomologous end-joining (NHEJ), in which broken ends are healed without the requirement for significant sequence homology (Pierce et al. 2001b; van Gent et al. 2001) . NHEJ factors have been identified that play important roles in DSB repair after IR damage and during V(D)J recombination, including the DNAend-binding Ku70/Ku80 heterodimer, the protein kinase DNA-PKcs, and the XRCC4/DNA ligase IV complex (Mills et al. 2003) . Loss of NHEJ factors results in late embryonic death for some factors (i.e., XRCC4 and DNA ligase IV), but not for others (i.e., Ku80, Ku70, and DNAPKcs; Pierce et al. 2001b; van Gent et al. 2001; Mills et al. 2003) , although loss of Ku80 or Ku70 leads to a number of phenotypes, including small size and early death, as well as immunodeficiency (Nussenzweig et al. 1996; Gu et al. 1997; Li et al. 1998 ). Thus, either NHEJ does not play as important a role in development as HR, or other NHEJ factors with key roles in development remain to be identified.
DSBs that serve as initiators of genetically programmed processes are directed into either NHEJ or HR; for example, DSBs introduced by the RAG proteins during V(D)J recombination are repaired by the NHEJ pathway (Mills et al. 2003) , whereas those introduced by the Spo11 protein during meiosis are repaired by the HR pathway (Keeney 2001) . Less is known about the relative contribution of NHEJ and HR to the repair of DNA damage that is not genetically programmed, although one factor that influences repair pathway choice is cell cycle phase. NHEJ is preferred during G1/early S phase, whereas HR is prominent in late S/G2 phase (Takata et al. 1998; Rothkamm et al. 2003) . However, these preferences do not appear to be absolute (Rothkamm et al. 2003) , and there is evidence that both pathways have access to the same DSB. For example, HR and NHEJ can be coupled for the repair of a single DSB (Richardson and Jasin 2000) . In addition, in NHEJ mutants, HR repair of a DSB is increased compared with wild-type cells, suggesting that HR can compensate when NHEJ is impaired (Pierce et al. 2001a; Allen et al. 2002; Delacote et al. 2002) . This increase is particularly striking in Ku mutant cells compared with other NHEJ mutants (Pierce et al. 2001a) .
To begin to understand the cooperation between HR and NHEJ in the mouse, we combined a mild HR mutation, that is, loss of Rad54, with a moderate NHEJ mutation, that is, loss of Ku80. We find that the survival of Rad54
Ku80
−/− mice is severely compromised, even when compared with Ku80 −/− mice, revealing a vital role for Rad54 in the support of Ku80 −/− mouse viability. Although Rad54 −/− mice are not sensitive to IR (Essers et al. 2000) , Rad54
−/− mice are exquisitely sensitive, much more so than Ku80 −/− mice. Consistent with a collaborative role for Rad54 and Ku in the repair of spontaneously arising DNA damage, embryonic fibroblasts from double-mutant animals accumulate large numbers of ␥-H2AX foci, a marker for DSBs (Rogakou et al. 1998 (Rogakou et al. , 1999 , as compared with single mutants. Apoptosis is also elevated in testes, compromising sperm production. These results imply that NHEJ and HR factors cooperate to repair DNA damage in mammalian cells. Moreover, these findings uncover a key role for Rad54 in the animal, suggesting that even a mild repair deficiency can have profound effects in the context of other mutations.
Results

Rad54 mutation impairs the embryonic viability of Ku80
−/− mice
To investigate the effect of combined Rad54 and Ku80 mutation in mice, we set up crosses to generate Rad54
mice are fully fertile and viable (Essers et al. 1997) , we used both Rad54 −/− and Rad54 +/− mice in the crosses; however, due to the small litter size of Ku80 −/− mutant mice (Nussenzweig et al. 1996) , we crossed only Ku80 +/− mice. From our initial crosses, we did not obtain any Rad54
Ku80
−/− mice from litters genotyped at weaning. Therefore, we monitored animals starting at birth to determine whether double mutants would be represented among newborn animals. Rad54
−/− animals were recovered among the newborns, although at a significantly lower frequency than expected from the Mendelian ratios (Table 1A) . (Data from different crosses are available in Supplementary Table 1.) Some of the newborns were dead at birth or died soon thereafter, but the majority was recovered alive (see below). The recovery of Rad54
−/− newborns was also lower than expected from the Mendelian ratios, although to a lesser extent than Rad54
−/− newborns (81.7% and 60.6%, respectively), suggesting that heterozygosity at the Rad54 locus may have a small effect on the survival of Ku80 −/− mice to term. Ku80 −/− newborns were obtained at a somewhat lower frequency than expected (86.2%), although this decrease was not significant. Importantly, the recovery of Rad54
−/− newborns, in addition to being lower than expected among all progeny, was also significantly lower than either the Ku80
−/− newborns (p < 0.01 for each; Table  1A ). These results imply that combined mutation of the Ku80 and Rad54 DSB repair genes compromises the recovery of mice at birth, although only partially.
Mice with NHEJ deficiency have increased cell death in the developing nervous system, and a correlation has been made between the extent of neuronal cell death and embryonic survival (Gu et al. 2000) . To investigate the lethality observed for Rad54
−/− mutants, brains, and spinal cords from embryonic day 13.5 (E13.5) and E18.5 embryos were analyzed for cell death using a DNA fragmentation assay, and results compared with litter-mate controls. TUNEL-positive nuclei were occasionally detected in Rad54 −/− embryos (Supplementary Fig. 1A ,E; data not shown), although the number was only marginally increased-that is, approximately twofold for E13.5 embryos-compared with wild-type embryos (data not shown). In contrast, in Ku80 −/− E13.5 embryos, apoptotic cells were increased two orders of magnitude or more ( Supplementary Fig. 1B ,F; see also Gu et al. 2000) . We also observed increased apoptosis in the brain of Ku80 −/− E18.5 embryos, although the level of apoptosis was not as dramatically increased as in E13.5 embryos (Supplementary Fig. 1J ; data not shown). All Rad54 −/− Ku80 −/− embryos at both E13.5 and E18.5 also had a large number of TUNEL-positive nuclei in the developing brain and spinal cord ( Supplementary Fig. 1D ,H,L), similar to the Ku80 −/− embryos. However, variability between embryos precluded us from determining whether the level of apoptosis in the double mutant was significantly increased compared with the single mutant. Nevertheless, the lack of a substantially increased level of apoptosis in the Rad54
−/− embryos is consistent with the completion of embryogenesis for the majority of embryos.
Rad54 mutation reduces the postnatal viability of Ku80
−/− mice Although combined mutation of the Ku80 and Rad54 DSB repair genes compromised the recovery of mice at birth, a substantial portion of double-mutant mice was recovered. To determine whether we could obtain adult animals, we therefore expanded the number of crosses and allowed the dams to nurse their progeny until weaning at 3 wk of age, at which point the animals were genotyped (Table 1B) . Ku80 mutation alone led to a significant impairment in the survival of mice, as has been described previously (Nussenzweig et al. 1996) , such that only 27.3% of Ku80 −/− mice expected from the Mendelian ratios were alive at weaning. Similar results were obtained with the Rad54 +/− Ku80 −/− mice, with only 26.5% of the expected number of mice recovered. However, Rad54
Ku80
−/− mice were even more severely compromised in their survival, with only 7.3% of the expected number of mice alive at weaning. The difference in recovery of viable double-mutant mice was highly significant compared with either Ku80 −/− or Rad54
−/− mice (p < 0.001 for each; Table 1B ), indicating that Rad54 mutation compromises the postnatal viability of Ku80 −/− mice.
−/− newborns are significantly smaller than wildtype and heterozygote littermates (Nussenzweig et al. 1996) . Similarly, we found that Rad54
−/− and Rad54
−/− newborns are also dwarfs, not noticeably different in size from their Ku80 −/− littermates (see below). As a consequence, Ku80 −/− mutants of any Rad54 genotype could be easily identified among the newborns and placed with foster mothers to prevent pos- 
−/− mice, and the p-value for this is indicated in parentheses. For Ku80, both parents were heterozygous for the mutation, whereas for Rad54, parents were heterozygous, homozygous, or heterozygous and homozygous. Because the Rad54 mutant allele was overrepresented in the parents relative to the wild-type allele, the expected number of Rad54 +/+ animals is low compared with the other genotypes. (A) Total animals recovered at birth, whether they were alive or stillborn. (B) Total animals alive at weaning, when nursed by their birth mother. (C) Total animals alive at weaning, when nursed by foster mothers. sible death due to competition for resources with their larger littermates. For each mutant, we found that fostering improved survival to weaning approximately twofold, although the expected number of mice was still not obtained (Table 1C) . Again, the survival of Rad54
−/− mice was still significantly compromised relative to either Rad54
mice, such that only about one-third as many double mutants were obtained at weaning (14.7% relative to 39.6% or 42.9%, respectively; p < 0.001 for each).
These results indicate the reduced fitness of the Rad54
Ku80 −/− mice, and thus a contribution of both DSB repair genes to survival of the animal.
Rad54 mutation shortens the lifespan of Ku80
The difference in survival of Rad54 −/− Ku80 −/− mice by the time of weaning relative to Ku80 −/− mice led us to examine their postnatal survival in more detail. Fostered animals were monitored daily so that dead animals could be genotyped, including dead newborns ( Fig. 1 ). Perinatal mortality was observed for all three Ku80 −/− genotypes ( Fig. 1A ). Approximately 10% of the Ku80 −/− animals and 20% of both the Rad54
Ku80
animals that were born were either stillborn or died during the first day after birth (day 0). Despite fostering, 50% of the Ku80 −/− and Rad54
−/− mutants that were born were dead within 3 d after birth, at which point the animals' viability stabilized until weaning at 3 wk of age, such that at weaning, 44% and 43%, respectively, of animals that were obtained at birth were still alive. However, Rad54 −/− Ku80 −/− mice died more precipitously in the first week or so after birth. The cause of death is unknown, but it was observed that some Rad54
−/− mice that died perinatally had difficulty breathing and had not fully inflated their lungs (data not shown). Double-mutant mice continued to die until weaning, although at a slower rate than in the days immediately after birth. As a result, only 21% of the double-mutant mice were still alive at weaning.
After weaning, we continued to observe the fostered mice for survival (Fig. 1B) . In contrast to Rad54 −/− mice, all three Ku80 −/− genotypes experienced a decline in the number of surviving animals in the first few weeks after weaning, implying that separation from the foster mother impaired survival. The decline in the number of surviving animals was again more precipitous for the doublemutant mice. Thus, only 33% of the Rad54
mice that were alive at weaning were still alive at 8 wk of age, whereas for either the Ku80 −/− or Rad54
mice >75% of the mice were still alive at this age. After this point, the death rate decreased, such that by 7 mo of age, only a fraction of the mice that were weaned were still alive (∼30% for Ku80 −/− and Rad54
; 7% for Rad54 −/− Ku80 −/− ). Considering overall survival since birth, 14% and 12% of the Ku80 −/− and Rad54
mice, respectively, were still alive at 7 mo of age, in contrast to 1.5% of the Rad54
−/− mice are smaller than their wild-type counterparts, the increased mortality of Rad54
mice could be related to increased frailness due to poor weight gain. To examine this, male and female mice were weighed once a week over a 6-mo period, starting at 10 d of age ( Fig. 2A,B) . Like Ku80
−/− and Rad54 −/− Ku80 −/− mice were significantly smaller than control mice. Rad54 mutation, however, had little effect on the size of Ku80 −/− mice, as the double mutants weighed, on average, only 10% less than the single mutants. After an initial growth spurt during the first 45 d or so of life, the weight gain of all three Ku80 genotypes became shallower and then leveled off at ∼15 g. This contrasts with Rad54 −/− and control mice, which had a steeper initial growth spurt and then continued to gain weight over the course of the experiment.
To gain further insight into the underlying pathology leading to the death of the mutant animals, several mice mice that were nursed by their birth mother is depicted. Percentage of weaned mice still alive at 3 or 7 mo of age is indicated; in parentheses, the percentage of mice still alive at 3 or 7 mo relative to the total number of mice recovered at birth is also indicated.
from each genotype were necropsied. Gross observation indicated lymphoid deficiency in Ku80 −/− mice of each Rad54 genotype (data not shown), as would be expected by Ku deficiency. Mice that died from ∼10 d to 3 mo of age generally showed no other significant lesion (Table  2 ). Mice older than 3 mo, however, were often found to have infections, presumably as a result of impaired immune system function, and in addition, lymphomas, although not other tumors. Neoplastic lymphocytes were found in the thymus, with extension to pulmonary interstitium, epicardium of the heart, and other tissues in a number of mice. A somewhat lower percentage of lymphomas in mice older than 3 mo of age was found in Rad54
−/− mice compared with Ku80 −/− or Rad54
−/− mice (Table 2 ), although the difference was not significant (p = 0.6 for each). However, considering the lymphoma frequency in the entire cohort of mice since birth, Rad54 −/− Ku80 −/− were six-to sevenfold less likely to die from lymphoma than were Ku80 −/− and Rad54 (Table 2 ; p < 0.01, see Supplementary Table 2 ). This presumably highlights the reduced fitness of the Rad54 −/− Ku80 −/− mice, which leads to premature death from other causes, rather than an inability to undergo neoplastic transformation. Consistent with this, the mean age of death from lymphoma for all three Ku80 genotypes was similar, about 5 mo of age (Table 2) .
Extreme radiation sensitivity of Rad54
−/− Ku80 −/− mice Because both Rad54 and Ku80 have roles in DSB repair, the compromised survival of Rad54
Ku80 −/− mice may be related to or the result of impaired DNA repair. To determine whether disruption of both genes affects the sensitivity of mice exposed to exogenous DNA damaging agents, we tested whether Rad54 mutation heightens the previously described radiation sensitivity of Ku80 −/− mice (Nussenzweig et al. 1997) . Rad54 −/− Ku80 −/− mice were exposed to ionizing radiation (IR) and compared for their survival to single mutant and control mice. Two-to four-month-old animals were used in this analysis, as there is little mortality during this time for any of the genotypes (Fig. 1B) . Consistent with previous observations, all Rad54 −/− mice survived 100 or 200 cGy of radiation (Essers et al. 2000) , as did wild-type or Rad54 (Fig. 3) . All Ku80 −/− and Rad54
Ku80
−/− mice also survived 100 cGy (Fig. 3A) . In contrast, Rad54
mice started to die 10 d after exposure to this dose and all were dead within 17 d of irradiation (Fig. 3A) . At the higher dose of 200 cGy, death of Rad54 −/− Ku80 −/− mice occurred earlier, starting 2 d after irradiation, and all were dead within 8 d (Fig. 3B) . At this dose, Ku80 −/− and Rad54
−/− mice presented an intermediate sensitivity, compared with the severely affected double mutants and the unaffected Rad54 −/− and control mice (Fig. 3B) . Therefore, Rad54 −/− Ku80 −/− mice are extremely radiosensitive, more so than Ku80 −/− mice, implying that both genes contribute to DNA repair in the adult animal.
Accumulation of ␥-H2AX foci in Rad54
Given the hypersensitivity of Rad54
Ku80
−/− mice to IR, we surmised that the cells of the double-mutant animals could be compromised in their inability to repair spontaneously arising DNA damage. We determined whether spontaneous damage could be detected in Rad54
−/− cells in culture, using mouse embryonic fibroblasts (MEFs) obtained from E13.5 embryos. Consistent with previous results (Nussenzweig et al. 1996) , proliferation of Ku80 −/− cells was severely impaired, as was BrdU incorporation (Supplementary Fig.  2 ). 
−/− mice are plotted against days after birth. The total number of mice for each genotype (n) is indicated. Because some mice died or were sacrificed during the observation period for other analyses, the number of mice remaining at the end of the study is reduced and is indicated in parentheses. Gray areas indicate weight variations based on standard deviations. due to cell cycle arrest and/or senescence rather than cell death.
One of the first cellular responses to DSBs is phosphorylation of histone H2AX at sites of damage, which is visible as foci of ␥-H2AX (i.e., phosphorylated H2AX; Rogakou et al. 1998 Rogakou et al. , 1999 . MEFs were subjected to indirect immunofluorescence to detect ␥-H2AX foci and subsequently counterstained with DAPI to visualize nuclei. The majority of wild-type cells had no detectable foci; similarly, Rad54 −/− or Rad54 −/− Ku80 +/− cells with spontaneous foci were also infrequent ( Fig. 4A ; data not shown). In contrast, many Ku80 −/− cells and nearly all Rad54
−/− cells were positive for ␥-H2AX foci (Fig. 4A) .
These results were quantified by counting the number of cells with ␥-H2AX foci, and, in those cells, the number of foci. Spontaneously arising foci were detectable in 30% of Rad54 −/− cells (Fig. 4B) , and most of these positive cells had only a small number of foci (i.e., 1-5 foci; Fig. 4C ). Wild-type cells showed a very similar number of cells with foci (27%) and a similar distribution, with positive cells exhibiting only a few foci (Mills et al. 2004 ). More than twice as many Ku80 −/− cells were found to have foci (i.e., 69%; Fig. 4B ). Most of the Ku80 −/− cells with foci had a small number of foci, although some cells had a moderate number (i.e., 6-10 foci) or even a large number of foci (>10 foci; Fig. 4C ). Strikingly, however, >90% of the Rad54
−/− cells had foci (Fig. 4B) , and of these, the majority had a large number of foci (Fig. 4C) . The increased number of cells with ␥-H2AX foci was not the result of apoptosis, because TUNEL-positive cells were rare for all genotypes (data not shown), as were cleaved caspase-3-positive cells (Fig. 4D) . These results imply an elevated level of DNA damage when Ku80 is disrupted, but a dramatically elevated level of DNA damage when both Ku80 and Rad54 are disrupted.
Apoptosis in the testis of
The high level of spontaneous ␥-H2AX foci in Rad54 −/− Ku80 −/− MEFs suggested that tissues composed of highly proliferative cells in adult animals would have cellular defects due to the accumulation of unrepaired DNA damage. Testis represents a tissue with a high proliferative capacity, in particular, the spermatogonia, the 
premeiotic germ cells. Both Rad54
−/− and Ku80 −/− males are fertile (Nussenzweig et al. 1996; Essers et al. 1997) , and Ku80 −/− mice have been reported to have normal levels of apoptosis in the testis (Espejel et al. 2002 ). Therefore, we tested whether cellular defects could be detected in the testis of double-mutant animals, using histological analysis of 2-4-month-old animals.
As expected, testes from Ku80 −/− and Rad54
animals showed normal testicular morphology and cellularity on gross observation, and the epididymides showed abundant sperm, similar to Rad54 +/− Ku80 +/− control mice (Fig. 5A , panels i-v; data not shown). A few seminiferous tubules had apoptotic cells, as detected by TUNEL staining, which were generally located near the base of the tubule (arrowhead, Fig. 5A , panel iii). Usually there were just one or a few apoptotic cells per tubule, if any at all (Fig. 5B) . In contrast, results from Rad54 −/− Ku80 −/− mice were variable. Although the testes from one animal appeared normal (Fig. 5B, Rad54 −/− Ku80 −/− #1), testes from two other double-mutant animals were quite aberrant. In one animal, there was a pronounced lack of cellularity in some tubules (Fig. 5A, panel vi, arrowhead) . Other tubules in this animal were hypocellular, and these had a number of apoptotic cells both at the base of the tubule and more luminal (Fig.  5A , panels vi,vii; Rad54
Ku80
−/− #2), so that the overall number of tubules with apoptotic cells was increased (Fig. 5B) . Not surprisingly, the sperm concentration in the epididymis was substantially reduced (Fig. 5A, panel viii) . In another animal, there was only a single testis. The testis in this animal was more cellularized, but large numbers of apoptotic cells were apparent in most tubules (Fig. 5A , panel ix,x; Rad54
−/− #3; Fig. 5B ). The apoptotic cells were also located at the base of the tubule and more luminal, and closer examination suggested that apoptotic cells included spermatogonia, spermatocytes, and spermatids. Again, the sperm concentration in the epididymis was substantially reduced (Fig. 5A, panel xi) .
A summary of the apoptotic cell counts for three animals for each genotype shows that ∼10% of seminiferous tubules from the Rad54 −/− Ku80
, Ku80 −/− , and Rad54
−/− animals have two or more apoptotic cells, similar to Rad54 +/− Ku80 +/− mice (Fig. 5C ). For the Rad54
−/− mice, the range of apoptotic cells per tubule is more variable, but can reach 90% (Fig. 5C) . The mean number of tubules with two or more apoptotic cells in the double mutant is greater than fourfold higher than the other genotypes, although the standard deviation is quite large, given the variability of phenotypes seen between the individual mice.
Discussion
In this study, we investigated the collaboration of HR and NHEJ components on survival of the mouse and on the DNA damage response. For this, we combined a mild HR mutation, Rad54, with the moderately affected 
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Cold Spring Harbor Laboratory Press on January 18, 2018 -Published by genesdev.cshlp.org Downloaded from NHEJ mutant Ku80. We find that Rad54 −/− Ku80 −/− mice are significantly compromised for their survival, such that by 31 wk of age, ∼10-fold fewer double-mutant mice are alive than are Ku80 single-mutant mice. Loss of viability occurs at several stages, that is, during embryogenesis, immediately after birth, and after weaning. This contrasts with combined Rad54 and DNA-PKcs mutation, as Rad54 −/− scid mice are not significantly compromised for viability (Essers et al. 2000; J. Essers and R. Kanaar, unpubl.) . Rad54 −/− Ku80 −/− mice are only marginally smaller than Ku80 mutant mice and die mostly from unspecified causes. Lymphoma frequency is reduced for Rad54 −/− Ku80 −/− mice compared with Ku80 −/− mice, presumably as a result of the earlier death of the double-mutant animals. Our results imply that DNA damage repair is synergistically affected when both HR and NHEJ are impaired. Consistent with this, Rad54
Ku80
−/− mice are exquisitely sensitive to low doses of IR. Moreover, the DNA damage response is activated in double mutants in the absence of exogenous DNA damage: Spontaneous ␥-H2AX foci are significantly elevated in embryonic fibroblasts and apoptosis is increased in testes in two of the three examined double-mutant animals. In the testis, neither Rad54 −/− mice nor Ku80 −/− mice had elevated apoptosis compared with wild-type mice, whereas in the Rad54
−/− mouse with the most extreme phenotype, significant numbers of apoptotic cells were found in nearly every seminiferous tubule. That testicular apoptosis is not increased in all double-mutant animals, suggests incomplete penetrance or that a genetic modifier may be present (see Karanjawala et al. 2003) . However, apoptosis was not markedly increased in the developing brain of Rad54 −/− Ku80 −/− embryos. The high level of apoptosis in Ku80 −/− animals may mask a contribution of Rad54, or alternatively, Rad54 may not have a 
−/− mouse (mouse #1; data not shown). In two other Rad54 −/− Ku80 −/− mice, mice #2 (panels vi,vii) and #3 (panels ix,x), TUNEL-positive cells are abundant. In mouse #2, tubules with reduced cellularity and germ-cell depletion (arrowhead in panel vi) are evident. In mouse #3, cellularity of tubules is not as visibly reduced, but TUNEL-positive cells are even more abundant, including round spermatids (arrowhead in panel x). Mature sperm in the epididymis is abundant in all controls, including Ku80 −/− mice (panel iv) and Rad54 −/− Ku80 −/− mouse #1 (data not shown), whereas it is significantly reduced for both Rad54 −/− Ku80 −/− mice #2 (panel viii) and #3 (panel xi). Magnification: panels i, ii, v, vi, ix, 100×; panels iii, vii, x, 400×; panels iv, viii, xi significant role in the developing brain, unlike other HR factors (Deans et al. 2000) . Our results, therefore, demonstrate that different tissues respond differentially to loss of the Rad54 and Ku80 DNA repair factors.
Many of the phenotypes we observed for Rad54
−/− mice are p53 dependent (C. Couëdel and M. Jasin, unpubl.) . p53 heterozygosity substantially restores the viability of Rad54 −/− Ku80 −/− mice, decreases the neuronal apoptosis observed in embryonic brains, and marginally increases the weight of double-mutant animals. Complete loss of p53 may also abrogate the accumulation of ␥-H2AX foci in the Rad54 (Difilippantonio et al. 2000 (Difilippantonio et al. , 2002 . Taken together, p53 deficiency may therefore allow the use of alternate repair pathways as cells traverse the cell cycle unchecked.
Because HR and NHEJ are two genetically distinct repair pathways, they have been thought to act independently in a mutually exclusive fashion. Rad54 is part of the Rad52 epistasis group of genes that were originally identified as being involved in HR repair of IR damage in yeast (Symington 2002) . Similar to yeast, Rad54 mutant mouse embryonic stem (ES) cells are IR sensitive and are deficient for HR, as measured by repair of a DSB, gene targeting, and damage-induced sister-chromatid exchange (Essers et al. 1997; Dronkert et al. 2000) . The decrease in HR repair of a DSB is rather small compared with other HR mutants, which likely accounts for the lack of an embryonic phenotype for Rad54 −/− mice. In contrast to ES cells, Rad54 mutant mice are not sensitive to IR, even at such high doses as 7.5 Gy (Essers et al. 2000) . As shown here, however, Rad54 mutation augments the IR sensitivity of Ku80 mutant mice, as it does with DNA-PKcs mutant mice (Essers et al. 2000) , implying that Rad54 has a role in IR repair in adult animals when NHEJ is impaired. A synergistic increase in IR sensitivity was previously reported for Rad54 −/− Ku70 −/− Drosophila larvae and chicken cells, although in both of these systems, Rad54 mutation itself caused IR sensitivity (Takata et al. 1998; Kooistra et al. 1999) .
Whereas Ku mutant cells have severely reduced NHEJ in the context of V(D)J recombination (van Gent et al. 2001; Mills et al. 2003) , the repair of an endonucleasegenerated DSB by HR has been shown to be increased in Ku mutant cells (Fukushima et al. 2001; Pierce et al. 2001a ). This suggests that HR and NHEJ can be competing pathways for the repair of a DSB in some circumstances. Possibly, when Ku binds to DNA ends, it inhibits end-processing (Pellicioli et al. 2001) or another step of HR, such that in its absence, HR can compensate for NHEJ in DSB repair. This is further supported by the decreased IR sensitivity of Ku-deficient chicken cells at the cell cycle stage when HR is active; that is, late S/G2 (Takata et al. 1998) .
The combined disruption of HR and NHEJ pathways would lead, therefore, to the accumulation of a substantial number of unrepaired DSBs. Consistent with this, we find that ␥-H2AX foci were present in nearly all Rad54
−/− cells, with a large portion of these cells having several foci. We cannot rule out, however, that some other lesion is being sensed instead of, or in addition to DSBs, as ␥-H2AX foci may form in response to other signals (see Mahadevaiah et al. 2001) 
Lig4
−/− cells, in which ␥-H2AX foci accumulate to a high level, further strengthening a cooperative role for HR and NHEJ in DNA repair (Mills et al. 2004 ). As would be expected for cells with severely compromised DNA repair, HR and NHEJ double mutants accumulate a high level of chromosome abnormalities. In particular, Rad54
−/− cells accumulate a high number of chromatid breaks (Mills et al. 2004) , as do Rad54
chicken cells (Takata et al. 1998) .
It is interesting to speculate on the lesion(s) that arise at high frequency as a result of combined Rad54 and Ku80 deficiency, especially those that may lead to DNA breaks. HR is considered to be of primary importance during S and G2 (Fig. 6 , blue arrows; Takata et al. 1998; Rothkamm et al. 2003) . Consistent with this, the primary template for HR repair, that is, sister chromatids , is available during these cell cycle phases. Although NHEJ is considered to play a key role in DSB repair during G1 (Takata et al. 1998) , it is operational throughout the cell cycle (Fig. 6 , green arrows; Rothkamm et al. 2003 ) and can even be coupled to HR for the repair of a single DSB (Fig. 6 , red arrow; Richardson and Jasin 2000) . HR is thought to be of critical importance for repair of lesions resulting from replication blocks (Saintigny et al. 2001; Rothkamm et al. 2003) , such that replication can be restarted (Cromie et al. 2001) . DSBs arising in the context of replication are expected to primarily be one-ended (Fig. 6, arrow 1) , which would not be faithfully repaired by NHEJ. One possibility is that if HR is impaired, such that replication cannot be restarted from a one-ended DSB, replication from the adjacent fork proceeds to the stalled fork (Fig. 6 , arrow 2), and then itself is stalled, forming a second end (Fig. 6, arrow 3) , which can be joined to the first end by NHEJ. Alternatively, more conventional two-ended DSBs that can be acted upon by HR or NHEJ may arise from processes other than DNA replication, for example, oxidative metabolism or processing of aberrant DNA structures. Notably, both HR and NHEJ can participate in resolving abnormal DNA structures that arise at palindromic sequences in mice (Zhou et al. 2001; Cunningham et al. 2003) . Identifying the origin of DSBs and other lesions that arise in cells will clearly be important for determining how genomic integrity can be compromised. Understanding the cooperative roles of HR and NHEJ components in the repair of such lesions adds another layer of complexity to understanding how genomic integrity is maintained.
Materials and methods
Generation and screening of mice
Ku80 and Rad54 mutant mice have been previously generated (Nussenzweig et al. 1996; Essers et al. 1997) . (See Supplementary Table 1 for crosses and genotyping details.) Genotyping of the mice obtained from maternal nursing was done at weaning (i.e., 21 d of age). For those animals that were fostered, Ku80 −/− mice of any Rad54 genotype were identified at birth by their small size, placed with foster mothers, and monitored daily. At weaning, food was placed on the bottom of the cage for easy access by the mutant mice. To ascertain the genotypes of newborn animals, pups were counted at birth and any animals that were found dead on the day of birth up until 10 d of age were collected for genotyping. All animals remaining alive at 10 d were genotyped at that time.
Statistical analysis
For each genotype, percent recovery was determined by dividing the observed number of mice by the expected number of mice, calculated according to the Mendelian frequencies. (See Supplementary Table 1 for the breakdown of mice derived from each cross.) Significance of comparisons was assessed by simulation. As part of this process, null distributions were simulated in a hierarchical manner. First, the numbers of mice corresponding to a particular type of cross were assigned on the basis of the trinomial distribution with parameters following the observed data in Supplementary Table 1 . Second, the numbers of mice within crosses were apportioned assuming Hardy-Weinberg equilibrium. The observed counts were compared with the resulting distributions of expected counts to test for compromised viability. In addition, from the same simulations, the counts of observed to expected were compared between the Ku80 −/− or Rad54 +/− Ku80 −/− and Rad54 −/− Ku80 −/− mice. The test statistic used was the ratio of observed over expected between groups (Table 1 ). The simulations were repeated 10,000 times. Lymphoma rates among viable mice were compared using Fisher's exact test. All p-values are two-sided.
Histopathology
Complete postmortem evaluations were performed on fostered mice that were at least 10 d old. Tissues were fixed in 10% neutral-buffered formalin overnight, processed by routine methods, and embedded in paraffin wax. Sections (5 µm) were stained with hematoxylin and eosin, and major organs (heart, lungs, kidneys, liver, spleen, thymus, and brain) were evaluated with an Olympus BX45 light microscope (New York/New Jersey Scientific, Inc.).
Mouse embryonic fibroblasts
MEFs were obtained from E13.5 embryos after removal of the organ block tissue, the head (used for histological analysis), and the tail along with the back legs (used for genotyping). Cells were grown in DME-HG medium supplemented with 10% fetal calf serum (FCS), 1% L-Glutamine, and antibiotics in a 5% CO 2 -humidified, 37°C incubator. For detection of ␥-H2AX foci, passage-2 MEFs were grown on sterilized, gelatinized coverslips. Cells were washed with PBS and fixed for 10 min in 3% formaldehyde/2% glucose, followed by a 10-min permeabilization with 0.1% Triton X-100 in PBS prior to overnight incubation with polyclonal rabbit ␣-␥-H2AX antibody (Bassing et al. 2002) in 2% FCS/PBS at 4°C. Cells were then washed with three changes of PBS and incubated for 1 h at room temperature with FITC-conjugated goat anti-rabbit secondary antibody (Vector Laboratories). Nuclear DNA was stained with DAPI and coverslips were mounted with Vectashield mounting medium. Images were captured on a Nikon microscope using black and white CCD camera, and analyzed using Applied Spectral Imaging software.
Histological analysis
Testes and epididymides from 24 month-old mice were fixed in 4% paraformaldehyde or Bouin's solution, respectively, paraffin embedded, and serially sectioned (8 µm). Epididymis sections were stained with DAPI to detect nuclei, and coverslips were mounted with Vectashield mounting medium (Molecular Probe). A terminal deoxynucleotidyl transferase (TdT)-mediated dUTP biotin nick end-labeling (TUNEL) assay was performed on testes sections as follows: after dewaxing, rehydration, and proteinase K treatment for 15 min, sections were fixed in 4% paraformaldehyde for 10 min, and endogenous peroxidase was quenched in 0.1% H 2 0 2 for 15 min. TdT (Roche)-mediated dUTP-biotin (Roche) labeling was performed at 37°C for 2 h in a humid chamber and amplified with A&B reagents (Vector Laboratories) in a room temperature, humid chamber for 30-60 min. In some cases, an additional amplification step was performed using the TSA Biotin System (Perkin Elmer) for 15 min according to the supplier's instructions, followed by an additional 30-min amplification step with A&B reagents. Triton X-100-treated sections were then stained with diaminobenzidine (DAB) and counterstained with periodic acid-Schiff (PAS) prior to mounting in permount.
Irradiation
Two-to four-month-old animals were simultaneously exposed to ionizing radiation from a 
Ku80
+/− double heterozygotes, and wild-type littermates were identical, and those three genotypes were used as controls. Two mice (one female and one male) of each genotype were used for both experiments.
